Gamma-ray irradiation combined with ultrafiltration and elemental determination was effectively used for the speciation of organic metals in river water. 5 After size fractionation by ultrafiltration, size-exclusion chromatography/inductively coupled plasma mass spectrometry was applied to the speciation of metals in lake water. 6 However, the concentration of reactive molybdenum could not be determined by these methods. In the present work, the catalytic method combined with size fractionation was applied to the speciation of reactive and unreactive molybdenum in river-water samples containing different concentrations of molybdenum, iron and humic substances. This determination method is based on the molybdenum-catalyzed oxidation of L-ascorbic acid (AA) to dehydroascorbic acid (DAA) with H2O2 and the formation of yellow/brown quinoxaline derivatives (QX) by the coupling of DAA and o-phenylenediamine (OPDA). 3 Molybdenum forming active intermediates, like peroxomolybdate with H2O2, can be determined as reactive species. 4 The proposed speciation scheme is more comprehensive than the previous one; 4 e.g., the dissolution of molybdenum associated with humic substances (HSs) by acidification and the effect of silicate on the size of molybdenum-containing particles were investigated.
The speciation results of natural river-water samples were compared with those of artificial samples for the characterization of molybdenum species.
Experimental

Reagents and samples
All of chemicals used were of analytical-reagent grade. Highpurity NaOH, HCl and HNO3 solutions (Kanto Kagaku Co., Inc., Ultrapur) and water (≥ 18 Ω cm) prepared by Millipore Simpli Lab system were used throughout. A molybdenum stock solution (1.00 g Mo l -1 ) was prepared by dissolving Na2MoO4·2H2O (Wako Pure Chemical Industries, Ltd., purity ≥ 99%) in water. An iron(III) stock solution was prepared by dissolving FeNH4(SO4)2·12H2O (Wako Pure Chemical Industries, Ltd., purity ≥ 99.0%) in 0.1 M HCl. A potassium silicate solution (Kanto Kagaku Co., Inc., 1.00 g Si l -1 in 0.5 M KOH) was used as a silicon standard solution. A humic acid (HA) solution was prepared by dissolving the reagent of humic acid (Wako Pure Chemical Industries, Ltd., isolated from soil) in 0.01 M NaOH, neutralizing with HCl, and filtrating through 0.45 µm filters. Wako HA gave an emission spectrum similar to HSs in natural river samples.
River-water samples were collected from the surfaces of two streams in Kofu: Nigorigawa river running through urban and industrial areas and Arakawa river through rural and residential areas. Artificial river-water samples were prepared by mixing A speciation scheme of trace molybdenum was proposed for river water based on size fractionation by filtration and ultrafiltration and the catalytic spectrophotometric determination of the reactive molybdenum concentration (CR). The total concentration (CT) of molybdenum was determined by the same method after acid decomposition to obtain the concentration (CT -CR) of unreactive molybdenum. Most molybdenum in natural river-water samples was found to be reactive species. A large part of the molybdenum was found in the fraction of molecular weight (MW) < 10 3 , and was estimated to be MoO4 2-from the chemical equilibria of molybdate ions. The residual part of molybdenum was found in the colloidal and particle fractions (MW ≥ 10 4 ), and was characterized as reactive molybdenum adsorbed or complexed on humic iron aggregates. The coexistence of silicate contributed to a decrease of the particle size of humic iron aggregates associated with molybdenum. The above-mentioned speciation results were confirmed by an analysis of artificial samples. The changes in the fractionation results by acidification (0.1 M HCl) were also used to characterize molybdenum in natural water. molybdenum, iron, HA and silicate solutions and diluting to 200 ml with water after a pH adjustment at 7 with diluted NaOH or HCl. The artificial samples were analyzed after equilibrating for 24 h at 25˚C in polystyrene bottles.
Apparatus
Filters for the size fractionation were used after checking for no contamination of Mo, Fe and HA from the filter materials, and no losses of molybdenum by the filtration and ultrafiltration of solutions (pH 1 and 7 -7.5) containing 2 µg Mo l -1 alone. A filter unit (cellulose acetate, Advantec Toyo, LABODISC, with a pore size of 0.45 µm) was used to fractionate particulate matter without any washing. Ultrafiltration was carried out using ultrafilters (Pall Filtron, 1 K and 10 K Microsep units) with nominal cut-off values of 10 3 and 10 4 daltons, respectively, as molecular weights (10 4 daltons, corresponding to a pore size of about 1 nm). The ultrafilters were washed before use by filtrations with 0.05 M aqueous ammonia, and then water to eliminate contaminations as molybdenum, iron and humic acid. 4 The catalytic determination of molybdenum was carried out using a double-beam spectrophotometer (Shimadzu, UV-160A) equipped with a 10-mm silica glass cell. The cell was controlled at a constant temperature by circulating water from a thermostated water bath to the cell chamber. Iron was determined at 248.3 nm by using an atomic absorption spectrophotometer (Hitachi, 180-30) equipped with a C2H2-air flame burner. It was also determined by a catalytic method 7 using the above-mentioned spectrophotometer equipped with a 10-mm glass cell. Silicon was determined by using an inductively coupled plasma (ICP) emission spectrometer (Seiko Instruments, SPS 1500S) equipped with an argon plasma torch. The emission intensity was measured at 251.6 nm under a background correction. The determination of HSs was carried out using a spectrofluorometer (Shimadzu, RF-5000) equipped with a 10-mm silica glass cell. A clean hood (Air Tech Japan, MAC-10F/V) was used for acid decomposition in order to prevent environmental contamination. A pH meter (Horiba, F-14) was used for pH measurements within an error of about ±0.03. Figure 1 shows the scheme of the speciation procedure. The concentration (CR) of reactive molybdenum was determined as described previously. 3, 4 The sample (1 or 2 ml) was placed in a glass test tube. Molybdenum was reacted at pH 3.2 and 25˚C in a 5-ml solution with 80 mM AA (0.1 M HCl), 5 mM OPDA, 5 mM H2O2, 0.2 mM CyDTA, 0.67 M acetic acid and 50 mM sodium acetate (0.1 M NaOH). After the reaction for 5 min, 0.07 ml of 12 M HCl (analytical-reagent grade) was added to stop the reaction, and molybdenum was determined by an absorbance measurement of QX at 340 nm. For determining the total concentration (CT), 10 or 12 ml of a sample was placed in a PTFE vessel and decomposed by heating with HF, HNO3 and H2SO4 at about 120˚C. 4, 8 The solution was evaporated to be about 0.01 ml (a drop size of about 3 mm). The residue was dissolved twice with 1 ml of 0.1 M HCl under ultrasonication. An aliquot (≤ 0.5 ml) of the solution was subjected to a spectrophotometric determination of molybdenum, as described above. In this case, an acetate buffer solution containing a higher concentration of NaOH, to be 0.11 M NaOH, was added to maintain the pH value at 3.2. The concentration (CU) of unreactive molybdenum was calculated as CT -CR. The concentrations of reactive (CR) and unreactive (CU) iron in each size fraction were calculated; e.g., for 10 3 ≤ molecular weights (MW) < 10 4 fraction, CR = CR,2 -CR,3 and CU = CT,2 -CT,3 + CR,3
Speciation procedure
-CR,2 (see Fig. 1 ). After acid decomposition, the total concentration of iron at 1 µg l -1 levels was determined by catalytic spectrophotometry. 7 Iron at 10 µg l -1 levels or more was determined by atomic absorption spectrometry (single-drop method with 0.2 ml of sample).
The reagent blank was corrected. The total concentration of HSs was determined as Wako HA by a fluorescent measurement at pH 10 without the acid decomposition. 4, 9 For artificial samples, the total concentrations of molybdenum, iron and silicon were determined after equilibration at pH 1 (0.1 M HCl) for 2 days, because their recoveries were satisfactory without acid decomposition.
A part (100 ml) of the 0.45-µm filtrate was acidified to 0.1 M HCl and equilibrated for 48 h. Molybdenum, iron and silicon in the acidified filtrate were fractionated and determined as described above.
Results and Discussion
Analytical performances
Analytical errors in the catalytic spectrophotometric and fluorometric determinations were estimated from the standard deviations of four or five measurements of the reagent blanks: ±0.03 µg l -1 for Mo, ±0.3 µg l -1 for Fe and ±20 µg l -1 for HA in an analysis of 1 or 2 ml of the sample solution. The error in flame atomic absorption spectrometry was typically ±2 or 3 µg l -1 for Fe. The error in ICP emission spectrometry was typically ±3 µg l -1 for Si.
Fractionation results of natural river-water samples
Iron and HA, besides molybdenum, were determined, because they changed the reactivity of molybdenum in rain water. 4 Silicon was also determined, as described later. Figures 2 and 3 show the fractionation results for Nigorigawa and Arakawa river-water samples. For both natural samples, molybdenum was found in the molecular (A, MW < 10 3 ), colloidal (and highmolecular) (C, MW 10 4 -0.45 µm) and particle fractions (D, ≥ 0.45 µm). Considering the analytical error (see the error bars in the figure) , the molybdenum species were reactive forms for all 652 ANALYTICAL SCIENCES JUNE 2002, VOL. 18 three fractions. These fractionation results were very different from those for rain-water samples 4 containing unreactive molybdenum in the particle fraction and not containing molybdenum in the colloidal fraction. Figures 2 and 3 indicate that molybdenum in the colloidal and particle fractions was associated with iron. A very low or negligible concentration of HA was found in these fractions. For both the natural samples, most of the silicon existed in the molecular fraction.
For acidified 0.45 µm filtrates, most of the molybdenum and iron were found in the molecular fraction, indicating their dissociation from colloidal (and high-molecular) substances. By acidification, the concentration of HA decreased in the molecular fraction and increased in the other fractions, indicating the aggregation of protonated HA. [10] [11] [12] The unaggregation part in the molecular fraction was probably fulvic acid, 12 although it was determined as HA for convenience in this work.
Fractionation results of artificial river-water samples
Several kinds of artificial samples were prepared to reproduce the fractionation pattern of naturally existing molybdenum as reactive forms, and not as unreactive forms in the colloidal and particle fractions (Figs. 2 and 3) . The fractionation results for the artificial samples are shown in Fig. 4 . All of the molybdenum in artificial sample containing 2 µg l -1 of molybdenum alone was found in the molecular fraction (A) (not shown in Fig. 4) . The coexistence of iron (Fig. 4, a) contributed to the formation of unreactive molybdenum in the particle fraction (D). The coexistence of iron and silicon (Fig. 4, b) gave a fractionation pattern similar to Fig. 4 , a. For natural samples, however, most of the molybdenum species in the particle fraction were reactive forms (Figs. 2 and 3 ). An artificial sample containing molybdenum together with iron and HA (Fig.  4, c) contributed to the formation of reactive molybdenum in the particle fraction. However, reactive molybdenum in the colloidal fraction (C) for the natural samples was not clearly reproduced by this artificial sample. In addition, this sample contained unreactive molybdenum in the particle fraction. A comparison between the fractionation patterns (Fig. 4, c and d) for artificial samples containing molybdenum, iron and HA together with or without silicon indicates that silicon contributes to the decrease in the particle size and the concentration of unreactive molybdenum. The decrease in the particle size of iron-containing particles was reported for an artificial riverwater sample containing iron, HA and silicon. 13 Except for the concentration balance, the fractionation patterns of molybdenum in the Nigorigawa and Arakawa river-water samples (Figs. 2 and 3) were reproduced by the artificial samples (Fig. 4, d and e) . The acidification and re-ultrafiltration of the 0.45 µm filtrates of the artificial samples (Fig. 4, d and e) indicated the dissolution of molybdenum and iron in the colloidal fraction and the aggregation of HA, as described for the natural samples (Figs. 2 and 3) .
The fractionation patterns of the concentration of HA for the artificial samples were not similar to those for the natural samples. Therefore, our discussion was not extended to the 653 ANALYTICAL SCIENCES JUNE 2002, VOL. 18 concentration balance of molybdenum. The use of HSs prepared from the same natural water is probably required for a precise quantitative study.
Characterization of molybdenum
The molybdenum species in the natural river-water samples were estimated based on the fractionation results for the artificial samples. For the natural river-water samples, 45 or 55% of the molybdenum was found to be reactive species in the molecular fraction. This type of molybdenum is estimated to be MoO4 2-from the hydrolysis of molybdenum(VI).
14 When molybdenum is coprecipitated with iron(III) hydroxide, molybdenum included in the iron(III) hydroxide particles exists as unreactive species, as shown in Fig. 4, a. On the other hand, significant concentrations of unreactive molybdenum were not found for the natural samples (Figs. 2 and 3) . These results suggest that some anionic ions with stronger affinities for iron(III) hydroxide existed in the natural samples and inhibited the coprecipitation of anionic molybdate ions. HA is probably a major component complexing iron(III), and forms humic iron aggregates with reactive molybdenum in the colloidal and particle fractions (Fig. 4, c -e) . Therefore, this type of molybdenum found in the natural samples can be characterized as molybdate ions weakly binding on the surface of humic iron aggregates. In this case, molybdate ions may complex iron(III) ions on the aggregates, because the coexistence of HA alone with molybdenum does not contribute to the fractionation of molybdenum. 4 Silicate was essential to reproduce the natural samples, as described in the above section. However, it was contained in the molecular fraction, and was insignificant in the colloidal and particle fractions (Figs. 2 -4) . Further study will be required to understand the mechanism concerning the effect of silicate.
Conclusion
A catalytic spectrophotometric method combined with size fractionation and acid decomposition/dissolution was successfully applied to the speciation of molybdenum in river water. Based on the speciation results, most of the molybdenum was the reactive species. About 50% of the molybdenum was found to be reactive molybdate ions in the molecular fraction (MW < 10 3 ). The residual part was characterized as reactive molybdenum adsorbed or complexed on humic iron aggregates in the colloidal and particle fractions. Silicate contributed to the formation of reactive molybdenum in the colloidal fraction and in the presence of a low concentration of HA.
